The generation of uniform,
Introduction
The generation of well-defined periodic flow disturbances in a laboratory environment is a critical requirement for experiments involving unsteady aerody-namics, aircraft control, gust disturbances, unsteady sensor calibration, and many other applications. Modeling a periodic disturbance in simulations is comparitively easy: one must only specify a fluctuating velocity as an inflow condition, and the effects of the resulting flow can be studied directly. In experiments, however, generating the desired inflow conditions can be significantly more difficult. For example, gust disturbances of uniform character can be created from the turbulent fluctuations shed behind a passive grid (e.g. Lysak et al., 2016) . Also active grids have demonstrated the ability to control the intensity and structure of turbulence in experimental settings (cf. Makita, 1991; Cekli and van de Water, 2010; Knebel et al., 2011; Griffin et al., 2019, etc.) . These methods generate gust disturbances over a continuous spectrum. In many cases however, it is desirable to produce disturbances at a single frequency. It is relatively easy for example, to generate vortical structures at a given frequency. Vortex shedding behind large cylinders or pylons yields periodic fluctuations in velocity that can be used in experiments (cf. Larose, 1999) . The vortices shed by an impulsively plunging plate can also be used to represent gust disturbances (Hufstedler and McKeon, 2019) .
For several applications a sinusoidal gust is required. The Sears function, for example, models unsteady loads on an airfoil for a sinusoidal gust disturbance in the normal velocity component (Sears, 1941) . Goldstein and Atassi (1976) and Atassi (1984) extended this theory to include sinusoidal velocity fluctuations in the streamwise as well as normal directions. Sinusoidal gusts are also useful for tests of aircraft dynamics and controls, in which a series of welldefined, single-frequency disturbance inputs allows the frequency response of the system to be established (Bennett and Gilman, 1966) . The calibration of pressure transducers for unsteady conditions may also be achieved using a smooth, sinusoidal velocity signal.
The usefulness of sinusoidal gust disturbances in experimental investigations has led to the development of several methods of generating them. One of the earliest and simplest generators, constructed by Hakkinen and Richardson (1957) , involved a plunging plate in a wind tunnel. The apparatus was used in an attempt to experimentally validate the Sears function, but proved unsatisfactory due to sensor noise. Subsequent gust-generation systems, possibly inferring that a single actuated plate was not sufficient for producing well-defined gusts, became more and more complex. Bennett and Gilman (1966) used four plates, mounted in pairs on the walls of a wind tunnel and actuated together by a series of linkages, to produce sinusoidal gusts for experiments with scale models of aircraft. Ham et al. (1974) and Jancauskas and Melbourne (1986) generated gusts using a pair of controlled-circulation airfoils. The concept was extended by Tang et al. (1996) in an array of four such airfoils. Approaches using arrays of six or more vanes (e.g. Saddington et al., 2015; Cordes et al., 2017) have been tested, though the wakes of the vanes introduced turbulent fluctuations into the downstream flow conditions. Simpler generation mechanisms involving two pitching plates (e.g. Lancelot et al., 2015; Wood et al., 2017) avoid wake effects by construction, but tend to be limited in both the amplitude of the gusts produced (usually less than 1
• ) and reduced frequency they can achieve. However, this design has been proven to be effective in transonic wind tunnels (Brion et al., 2015) . Alternatively, a single pitching airfoil has been demonstrated in many contexts to be sufficient for generating vortical gust disturbances, where smooth, sinusoidal disturbances are not required and wake effects do not need to be controlled (Klein et al., 2014 (Klein et al., , 2017 .
The question of generating well-defined gusts using a single oscillating plate or foil should not be resolved by mere convention or consensus, especially since there are several advantages to such an apparatus for experiments. A single foil produces far less blockage in a wind tunnel than more complicated gust-generation devices. The actuation is also far simpler and less costly, and facilitates operation, maintenance, and removal. Lastly, the single actuation mechanism of the foil means that, in theory, the structure of the generated gusts can be more precisely controlled.
In this paper, a theory for the generation of sinusoidal gusts with a single oscillating foil is proposed and validated with wind-tunnel experiments. The theory is developed from analytical, physical, and experimental arguments. Its effectiveness in producing tailored periodic profiles that exhibit minimal disturbance from the wake of the foil itself is then demonstrated. This gust generator is able to produce sinusoidal gusts over a range of frequencies and amplitudes and lends itself to experiments that require well-defined unsteady conditions.
Theoretical Considerations
In this section, several considerations from the literature regarding the wakes of oscillating airfoils are discussed. These ideas undergird the hypothesis that the generation of well-defined periodic gusts is possible with a single airfoil as a gust generator. A theory for the generation of these gusts is then developed from the Theodorsen model for unsteady aerodynamics. These theoretical considerations provide guidance for the experiments that follow.
Considerations from the literature
In order to generate sinusoidal gusts with a single airfoil, inspiration is derived from studies regarding the aerodynamics of oscillating airfoils. Anderson et al. (1998) characterized the wake patterns behind a NACA-0012 airfoil actuated in pitch and plunge over a range of reduced frequencies, k = ωc 2U∞ , and Strouhal numbers, St = f A U∞ . Here ω = 2πf is the frequency of oscillation in radians per second, and A represents the characteristic width of the wake, estimated by the plunge amplitude or the trailing-edge amplitude of the airfoil. For a range of combinations of pitch and plunge amplitudes, several distinct wake regimes were identified. Of particular interest to this study is the region defined by Strouhal numbers less than 0.2 and pitch amplitudes less than 50
• , in which a "wavy wake" without significant vortex shedding was observed. This result suggests that the formation of well-defined sinusoidal oscillations in the wake of an airfoil can be achieved systematically as a function of pitch and plunge kinematics.
Two subsequent studies analyzed the effects of airfoil kinematics on wake structures generated by a pitching and plunging airfoil. For pitching and plunging airfoils, these wake structures are predominantly formed in dynamic stall, where strong leading-edge vortices (LEVs) and trailing-edge vortices (TEVs) roll up on and behind the airfoil, and convect downstream into the wake (Carr, 1988) . Rival et al. (2009) studied the effects of non-sinusoidal actuation profiles on the propagation of these structures into the wake, demonstrating that the strength of the LEV on the airfoil and its persistence into the wake were affected by the shape of the motion waveforms followed by the airfoil. Extending this result, Prangemeier et al. (2010) demonstrated that the addition of a quick pitch-down motion in the downstroke of an oscillating airfoil served to decrease the circulation of the TEV by as much as 60%. The additional pitch motion of the airfoil interfered with the formation of the TEV, so that the strength of the TEV was not significantly dependent on the characteristics of the LEV. Similar reductions in wake vorticity were demonstrated in numerical simulations by Gharali and Johnson (2013) . Therefore, though the strengths of LEVs and TEVs are inherently connected, the addition of pitching motions for a plunging airfoil can inhibit the generation of large trailing-edge vorticity in spite of large accumulations of vorticity at the leading edge. This is instructive to the current study, because the shedding of large, intermittent velocity fluctuations is antithetical to the generation of smooth, periodic velocity signals downstream.
In order to minimize vorticity effects in the flow downstream of the gust generator, the wake of the generator itself should be minimized along with the persistence of dynamic effects. To this end, Hufstedler and McKeon (2019) developed a vortical gust generator using an impulsively plunging plate. The plunging motions of the plate meant that the wake vorticity from the plate had a limited effect on the gust region, since the wake vorticity would only cross through the measurement domain twice per cycle. This is in contrast to gust generators that employ purely pitching vanes, which are fixed in place and thus continually disturb the downstream flow conditions. These considerations, taken together, imply that the generation of well-defined sinusoidal gusts is possible with a single airfoil, provided the kinematics of that airfoil are carefully controlled. Relatively low Strouhal numbers and reduced frequencies are required to avoid excessive vortex shedding. Plunge oscillations can help reduce the effects of the airfoil's wake on the downstream flow properties. Adding pitch motions can further attenuate trailing-edge vorticity, thereby reducing intermittency in the downstream velocity signals. The remainder of this work is therefore concerned with the combination of these observations: specifically, which combinations of pitch and plunge produce satisfactorily smooth sinusoidal velocity fluctuations for a range of Strouhal numbers and reduced frequencies. In order to achieve these gust conditions, intermittent effects from vortices shed by the gust generator should be avoided, and the resulting velocity profiles should be as symmetric and regular as possible. These criteria will drive the development and characterization of a robust theory for sinusoidal-gust generation with a single airfoil.
In this study, gust fluctuations in the flow-normal direction are specifically investigated. Fluctuations in the streamwise velocity and in the flow vorticity were not central to the applications of this work, and measurements of these quantities demonstrated that they were insensitive across the range of parameters tested in these experiments. Additionally, Wei et al. (2018) have shown that, in the case of the Sears function, streamwise velocity fluctuations are not critical to obtaining experimental convergence with analytical predictions. Thus, gust fluctuations in the flow-normal direction are the main quantity of interest in this work.
Adaptation of the Theodorsen theory for the generation of sinusoidal gusts
Theodorsen (1934) developed a first-order theory for the forces and moments experienced by a pitching and plunging flat-plate airfoil. The theory combines addedmass forces from the pitch (θ) and plunge (h) motions of the airfoil with the influence of the circulation in the wake to predict the unsteady aerodynamic loads on the airfoil. Since the theory accounts for the effects of both kinematics and wake circulation, it can be used to build a relation for the kinematic parameters needed to generate smooth, periodic gusts. It has also been validated in the same experimental apparatus used in the present study (Cordes et al., 2017) . The theory was used by Brion et al. (2015) to estimate the amplitude of gusts produced by a purely pitching airfoil in transonic flow. Apart from this, it has been absent from the gustgeneration literature.
The pitching moment on the airfoil is of particular interest because it provides a connection between airfoil dynamics and downstream flow characteristics. While the Theodorsen theory does not model dynamic effects, the vortices associated with dynamic stall should not be present in the ideal gust-generation case, and thus the forces and moments on the airfoil should be captured well by the Theodorsen function. In this ideal case, the airfoil would simply redirect flow up and down, creating vertical fluctuations in velocity without introducing significant circulation into the downstream region. The leading edge of the airfoil would minimally disturb the incoming flow, so that the flow on the upper and lower surfaces of the airfoil follow the airfoil's surface without significant differences between the upper and lower surface. The resulting lack of velocity gradients at the trailing edge of the airfoil would then minimize the circulation injected into the wake. In this sense, both the added-mass moments and moments due to wake circulation would be optimally small, and the total pitching moment on the airfoil would be minimized.
The kinematics required to achieve this ideal gustgeneration case can be calculated using Theodorsen's theory. For a given plunge amplitude h 0 , inflow velocity U ∞ , and gust frequency f , it is possible to find the pitch amplitude θ * that will minimize the amplitude of the pitching moment on the airfoil. The plunge amplitude is defined in this case by the amplitude of the trailing edge of the airfoil, as in Anderson et al. (1998) , so that the length scale within the Strouhal number approximately represents the width of the airfoil's wake. The pitching moment is also defined about the trailing edge, in order to quantify the cumulative influence of the airfoil on the flow from the leading edge up to the trailing edge. Sinusoidal profiles for h and θ, along with their first and second derivatives in time are assumed, as the generated gust is desired to be sinusoidal as well. This collection of parameters is sufficient to compute the value of θ at which the pitching moment about the trailing edge is minimized, and, by extension, gusts of optimally sinusoidal character are produced.
However, a minimum pitching moment does not exist for positive θ. This implies that the generation of sinusoidal gusts requires the pitch waveform to be precisely out of phase with the plunge waveform. When this correction is made, the pitching moment can be minimized for any given set of input parameters. Optimal pitch amplitudes for several sets of airfoil kinematics are given in Tables 2 and 3 This series of assumptions and arguments for gust generation are conceptual by nature and require experimental investigation to verify whether they apply in practice. The character of the gusts produced by such a gust generator provides the validation criteria for the theory. In particular, the sinusoidal character of the velocity profiles and the extent of the wake of the airfoil downstream of the gust generator will serve as indicators for the quality of the gusts generated according to these principles.
Experimental Setup
In this section, the experimental apparatus used in this study is described in detail. The processing of raw data from the experiment is also outlined, and two metrics for quantifying the character of gusts are explained.
Experimental apparatus
The experiments described in this work were carried out in an open-return wind tunnel at the Technische Universität Darmstadt. This tunnel had a square test section with a side length of 0.45 m. Optical access was provided by a removable glass plate that spanned the length of the test section, as well as a window on the top of the test section through which the laser sheet for the PIV system was passed. The flow velocity in the tunnel was held at U ∞ = 2.5±0.1 m/s using a closed-loop controller and an impeller anemometer (type TS16/15GE-mc40A/125/p0/ZG1) from Höntzsch GmbH installed near the inlet of the test section. This corresponded to a chord-based Reynolds number of about 20,000. Turbulence intensities in the test section were measured to be less than 2%. More details on the wind tunnel can be found in Rival et al. (2009) .
The test airfoil used in this study was a symmetric NACA-0008 profile with a chord of c = 120 mm. The airfoil was 3D-printed and reinforced in the spanwise direction with two carbon-fiber struts to inhibit elastic deformations. Two halves were printed, laminated in black foil to reduce reflections from the PIV laser light sheet, and attached to an aluminum mount, which was also laminated in black foil. The mount was supported by two LinMot PS01-48x240F-C linear actuators, having a dynamic position accuracy of ±0.1 mm. These were controlled from a computer and could be used to actuate the airfoil in pitch and plunge at frequencies of up to 10 Hz. The downstream actuator was centered on the airfoil's trailing edge. A schematic of the actuators and test airfoil is given as Fig. 1 .
Flow-field measurements in this study were acquired using particle-image velocimetry (PIV). Seeding particles were generated from Di-Ethyl-Hexyl-Sebacat (DEHS), which had a mean diameter of 0.5-1.5 µm and a response time of τ s = 2.7 µs (Raffel et al., 2007) . The laser sheet was produced by a Litron LDY-303 highspeed dual-cavity Nd:YLF laser with a wavelength of 527 nm and frequency of 1 kHz. The sheet was generated by cylindrical lenses mounted high above the test section, in order to provide as large a field of view as possible. It was positioned at the edge of the opticalaccess window at the top of the test section, corresponding to a location of 20% of the airfoil's span from the midpoint. Due to the power of the laser, an additional strip of fluorescent foil was wrapped around the airfoil at the location of the laser sheet, to further reduce reflections in the images and to prevent the laser sheet from burning into the airfoil itself. The location of the laser sheet is shown in Fig. 1 . A larger field of view was not possible, as the laser had to be operated at full power in the given configuration in order to sufficiently illuminate seeding particles in the flow.
Images were captured at a frequency of 1000 pairs per second using a high-speed camera. In the first round of experiments, a Phantom v 12.1 camera was used. Repairs on the lab's Photron SA 1.1 camera were complete for the second round of experiments. A band-pass filter was applied with the Photron camera to further protect the camera sensor from reflections. For both cameras, a Zeiss 50-mm lens was used. The approximate fields of view for both cameras are shown in Fig. 1(b) . The cameras were mounted on a traverse, and the scale was computed using a target placed in the laser sheet. The camera, laser cavities, and actuators were all controlled with a LabVIEW script using a National Instruments PCI-6220 data-acquisition card. This allowed the measurements and data collection to be centrally synchronized. Additional details regarding differences in the setup between the two rounds of experiments are given in Table 1 .
Data processing and analysis
Two-component velocity fields were obtained from the raw images using the PIVview2C software package from PIVTEC GmbH. In both cases, a multigrid approach with three iterations was applied, with 50% overlap between correlation windows. Window sizes were selected so that, on average, about 10 particles could be found in each interrogation area (Tropea et al., 2007) . Outlier detection and median filtering with 3 × 3 px windows were executed on the resulting vector fields. Specific details regarding processing parameters for the two rounds of experiments are given in Table 1 : Camera and PIV processing parameters for the two rounds of experiments presented in this work.
The location of interest within the flow field for these experiments was a point located one full chord length downstream of the trailing edge of the airfoil. This was selected with an eye toward future experiments: the experimental setup had been originally designed to study two oscillating airfoils in a tandem configuration (Rival et al., 2011) , and the location of the leading edge of the downstream airfoil was 120 mm downstream of the trailing edge of the forward airfoil. Additionally, one chord length into the wake represented an intermediate distance at which the influences of neither transient effects nor viscous dissipation were significant. In future studies, it may be useful to investigate whether the results presented here hold in the far-wake region. For all of the results in this work, a box of length 15 mm was isolated at x = 1.0c behind the test airfoil for the purpose of characterization of the gust signal, through averaging all velocity vectors within the region. This dimension was found to produce a stable average while still maintaining relatively high spatial resolution. This region of interest (ROI) was located at the same height as the midpoint of the plunge amplitude of the airfoil, defined as y = 0, and is represented schematically as an orange box in Fig.  1(a) .
In order to determine the number of test periods required to achieve statistical significance, the vertical velocity V at one instance of time within a test period was averaged over 60 periods at the point described above. A protocol with a large plunge amplitude (h 0 /c = 0.5) and zero pitch was used to ensure that dynamic effects would be present and would be incorporated into the analysis. The averaged values for each period were randomly shuffled, and a running value for the standard deviation σ(n) was computed as a function of the number of test periods included in the computation. The results from this analysis, shown in Fig. 2 , determined that n = 30 test periods yielded reasonable convergence in the standard deviation (within ±5% of the final value, σ(n = 60)). Thus, all data presented in this work are phase-averaged over at least 30 test periods. Furthermore, at the start of every experiment, the airfoil was oscillated through a few unrecorded motion periods to ensure that startup effects did not influence the phase-averaged data. Finally, in order to quantify the two main parameters of interest for the gust-generation problem, two methods for analysis were developed. In order to quantify the sinusoidal character of the velocity fluctuations, the average acceleration at the theoretical peaks of the signal was measured using linear fits about t T0 ≈ 0.25 and t T0 ≈ 0.75. The dimensionless time t T0 was given by the total period T 0 and was phase-referenced to the sine function. The fits encompassed 10% of T 0 on either side of the instant of interest. After correcting for sign, the slopes of these linear fits were averaged. For an ideal profile, this metric would yield a mean acceleration of dV dt = 0 m/s 2 , indicating symmetry in the velocity profiles. The idea is illustrated in Fig. 7 in the following section.
In order to quantify the influence of shed vortices in the wake of the airfoil on the gust region, the vertical extent of the wake vorticity was measured at the location of interest, x = 1.0c. For every time instant in the phase-averaged period, vectors of vorticity at x = 1.0c and y spanning the height of the domain were taken. These vectors were compiled into a 2D field in y and t to show the evolution of the thickness of the wake region over one period. The noisy vorticity fields were smoothed using a 3×3 filter, and were then binarized by an automatically adaptive threshold based on the standard deviation across the entire y-t field. This isolated areas of relatively high vorticity. These fields were filtered using a 2D 7×7 median filter and remaining holes were filled to connect components within the identified region. The result of this procedure was a mask for the wake of the airfoil. The width of this mask was measured at every time instant across the phase-averaged cycle, and these values were then averaged to represent the mean width of the wake. Examples of vorticity profiles after application of the mask are shown in Fig. 9 . In the ideal case, this metric would be minimized, indicating minimally low interference of the gust generator itself on the flow downstream of the wake.
Experimental Results
In this section, the arguments put forward in Sec. 2.2 are examined experimentally. First, various experiments are shown to establish a baseline for effects of airfoil kinematics on the character of the gusts produced. Based on these baseline cases, a template for the kinematics of the gust generator is proposed, which agrees with the conclusions of the theoretical analysis. Lastly, the predictions of the Theodorsen theory as applied to gust generation are tested using the metrics outlined in Sec. 3.2 in order to demonstrate that gusts with a sat-isfactorily sinusoidal character can be produced using a single pitching and plunging airfoil.
Baseline cases
To understand the effects of the various free parameters in the kinematics of a pitching and plunging airfoil on the vertical velocity signal in the wake, a series of concise parametric studies was conducted. First, the two dimensionless parameters governing the dynamics of the oscillating airfoil, St and k, were varied independently for an airfoil moving in pure plunge. For k = 0.603, the plunge amplitude of the airfoil was varied to produce Strouhal numbers between 0.032 and 0.112. The resulting velocity profiles, taken at the region of interest specified in Sec. 3.2, are shown in Fig. 3a . Conversely, for St = 0.080, the reduced frequency was varied between 0.302 and 0.905. The velocity profiles for these experiments are shown in Fig. 3b . It is clear from these experiments that the amplitude of the fluctuations in V was a strong linear function of Strouhal number and a weaker function of reduced frequency. In addition, most of the curves shown were asymmetric, with peaks occurring relatively early within each half-cycle, or more geometrically conceived, leftward-leaning maxima. This "leaning" behavior should be avoided if quasi-sinusoidal signals are desired. Finally, in many cases, the waveform was interrupted by a deviation around t T0 = 0.95 that was not present in the corresponding positive half of the signal. This was likely an artifact of flow around the actuator mounts interfering with the wake, an unavoidable asymmetry in the present experiment. Thus, though the negative portions of the waveforms show similar trends to the positive portions, the positive halves of the velocity profiles should be viewed as more reliable indicators of trends than the negative halves.
Next, the effect of pure pitch on wake character was studied. The airfoil was pitched through 5
• ≤ θ ≤ 15
• , first about its leading edge and then about its trailing edge. The reduced frequency was again k = 0.603. The resulting profiles are shown in Figs. 4a and 4b . Upon inspection, pitching about the leading edge appeared to result in smoother, more regular profiles than pitching about the trailing edge. This is likely due to significant dynamic effects and resultant shedding of vortices that are instigated by large excursions of the leading edge of the airfoil (cf. Widmann and Tropea, 2015) . Thus, it was concluded that excessive motions of the leading edge were counterproductive to the generation of smooth, well-defined velocity signals. Additionally, the velocity profiles in the case of pitch about the leading edge peaked later in each half-cycle. This suggested that the addition of pitch to plunge could potentially offset the leftward lean observed in Fig. 3 .
A similar conclusion was drawn by combining pitch and plunge kinematics, and changing the phase offset between the two. At k = 0.603, a set of three increasing pitch amplitudes was combined with a proportionally increasing set of plunge amplitudes. This series was carried out with phases of φ = 0
• and 180
• . Since the trailing-edge amplitude defined the plunge waveform, a phase of 0
• produced larger excursions of the leading edge, and correspondingly less regular velocity profiles, as seen in Fig. 5a . Conversely, a phase of 180
• resulted in smaller motions of the leading edge; the velocity profiles (shown in Fig. 5b ) exhibited the same rightwardshifted maxima as in Fig. 4a .
The results observed in these small parametric studies suggested an ideal set of kinematics for the generation of sinusoidal gusts. Plunge motions allowed for higher gust amplitudes to be created, but introduced asymmetry into the gust profiles. Pitch created asymmetries in the opposite sense when significant leadingedge motion of the airfoil was avoided. A phase offset of 180
• between pitch and plunge, so that the leading edge of the airfoil moved through a smaller amplitude than the trailing edge, combined these considerations. This was thus selected as the ideal set of kinematics for sinusoidal-gust generation. A schematic of these kinematics is given as Fig. 6 . These kinematics are identical to those identified in Sec. 2.2 by means of physical and analytical arguments.
Generation of gusts with controlled character
With the concurrence of theory and experiments in defining a set of kinematics for gust generation, it was then possible to test the specific predictions of the Theodorsen theory in relation to the gust-generation problem. First, a series of intermediate steps in the metrics described in Sec. 3.2 are shown to demonstrate the effect of adding pitch out of phase with plunge. In Fig. 7 , the positive half of the waveform for a case with θ = 0
• (Fig. 7a) is compared with the corresponding section for a case with θ = 9.98
• . The addition of pitch reversed the sign of the average acceleration around the midpoint of the profile, further suggesting that, with the right pitch amplitude, the acceleration at the midpoint could be made to be zero. For the same cases, phase-averaged vorticity fields (shown in Fig. 8 ) demonstrated that the structure of the wake shed off the oscillating airfoil was thinner and more organized when pitch was present. This was also reflected in the wakewidth analysis, representations of which are shown in Fig. 9 . These figures demonstrate the capacity of the metrics to capture physical differences in gust character within the area of interest, and also highlight the ability of phase-offset pitch to reverse some of the trends seen in the purely plunging cases.
Quantitative values from these two metrics were obtained for four combinations of Strouhal number and reduced frequency over a range of pitch amplitudes, in order to test the predictions of the Theodorsen theory. For a reduced frequency of k = 0.603, Strouhal numbers of 0.032, 0.064, and 0.096 were tested. A case with k = 0.754 and St = 0.080 was added to ensure that the theory was valid across reduced frequencies as well. These cases will be denoted as (a), (b), (c), and (d), respectively. The airfoil kinematics for these cases and corresponding optimal pitch amplitudes according to theory (θ * ) are given in Table 2 . point where the trend of the data crosses the dV dt axis in each case, in spite of minor scatter in the data due to experimental error stemming from the limits of the apparatus and the sensitivity of the mean-acceleration metric.
Similarly, the wake width (normalized by the thickness of the airfoil, t f oil ) also agrees well with the predictions of the Theodorsen theory. In all four cases, shown in Fig. 11 , a relative minimum in wake width was observed very close to the optimal pitch amplitude predicted by the Theodorsen analysis. The parabolic fits are only shown as guides for the eye, and are not intended to be prescriptive in any way. The effects of error in these data are more evident, stemming from the inherent noise associated with computing vorticity from velocity fields, the sensitivity of the thresholding procedure used to compute the wake width, and the fact that the field of view was so large (with respect to limits on laser power and seeding density) that achieving both sufficient illumination and sufficient resolution were difficult. Case (a), though still showing a minimum at the value of θ * given by the Theodorsen theory, is less conclusive because of its low plunge amplitude. Inspection of the vorticity fields shows that the excursion of the airfoil, and thus the extent of the gust, is only marginally larger than the wake of the airfoil in the stationary case. As the flow in this regime was dominated by Kelvin-Helmholtz vortices from the surface of the airfoil rather than the unsteadiness of the airfoil, differences in the gust character were therefore much harder Finally, in order to more clearly demonstrate the effectiveness of the Theodorsen theory for gust generation, a range of Strouhal numbers and reduced frequencies were tested with the addition of pitch according to the theory. The values of these optimal pitch amplitudes are given in Table 3 . These results could then be compared directly with the baseline cases shown in Fig. 3 . A small experimental oversight meant that the pitch amplitudes tested in the experiments were not precisely equivalent to those supplied by the theory; however, the gust profiles -shown in Fig. 12 -were still much improved in comparison to the baseline cases. The leftward shift of the maxima visible in Fig. 3a was essentially removed for all cases in Fig. 12a . At higher reduced frequencies, shown in Fig. 12b , a slight rightward bias became evident. This was likely due to the onset of dynamic effects that, at high enough reduced frequencies, ceased to be mitigated by kinematics alone and began to significantly influence the wake. These deviations are unavoidable, as the Theodorsen theory is not able
Pure Plunge
Pitch and Plunge The influence of the wake of the gust generator is minimized in all cases near the pitch amplitude θ * prescribed by the Theodorsen theory.
to account for significant dynamic-stall events. Overall, the addition of pitch according to theory regularized the vertical-velocity profiles over a range of Strouhal numbers and reduced frequencies, making the resultant gusts more uniform in shape and less affected by the wake of the airfoil generating the gust. These gusts were also significantly higher in amplitude (up to 11
• ) and reduced frequency (up to k = 0.905) than those produced by generators with the same number of actuators (e.g. Lancelot et al., 2015; Wood et al., 2017) , as well as more complex systems with multiple vanes (e.g. Cordes et al., 2017) .
Conclusions
In this work, considerations have been outlined for the generation of gusts with sinusoidal character using a single airfoil actuated in plunge and pitch. The Table 3 : Kinematic parameters and corresponding optimal pitch amplitudes θ * for the baseline cases shown in Figs. 12a (variation in St) and 12b (variation in k).
Theodorsen theory for unsteady aerodynamics was used in order to predict the pitch amplitude necessary to produce uniform gusts at a given Strouhal number and Profiles of V behind a pitching and plunging airfoil for a range of (a) Strouhal numbers and (b) reduced frequencies. Despite the actual pitch amplitudes being slightly lower than those prescribed by the theory (due to a software error), these curves still compare favorably in terms of sinusoidal character to those in Fig. 3 .
reduced frequency. The validity of the theory was supported both by physical arguments and by experimental investigations. The quantitative predictions given by the theory were then confirmed in experiments that measured the symmetry of the vertical-velocity profiles produced in the wake of the airfoil, and the extent of the wake of the airfoil itself within the gust region. The gust signals produced were reasonably smooth, and reached significantly higher amplitudes and reduced frequencies than those attained by other gust-generation methods. The results of this work suggest that the physics of the gust-generation problem do not require high degrees of mechanical complexity to solve, but rather can be manipulated as needed with just a single airfoil and potential flow theory. Additional steps could be taken to improve the quality of the gust flows produced in the wake of the airfoil. Employing aifoil actuators that do not protrude into the center of the test section would greatly regularize the quality of the gust in the negative portion of the profile. A thinner airfoil, built from a less flexible material, would produce an even thinner wake, and could also be actuated more reliably over a wider range of kinematics. Measurement of the forces and moments on the airfoil would also be of interest, to see more quantitatively how unsteady loads may be reduced by these kinds of kinematics. Lastly, tests at higher Reynolds numbers would allow the gust generator to be used in larger-scale experiments.
These findings have significant implications not only for the generation of well-defined gusts in aerodynamics experiments, but also for the aerodynamic behavior of tandem-wing configurations, for example in dragonfly wings, or on a larger scale, within flocks of birds or schools of fish. The control of wake structures purely by kinematics could also apply to gust-load alleviation in rotorcraft and biologically inspired unmanned aerial vehicles (UAVs). It is important to note, however, that the trends shown in this study will break down at higher Strouhal numbers and reduced frequencies, where dynamic effects become unavoidable. Nevertheless, a foray into this sector of the parameter space would allow the results of this work to be generalized to a much wider range of applications in aerodynamics, flow control, biological propulsion, and other related fields.
